Accumulating evidence suggests that photoreceptor cells play a previously unappreciated role in the development of early stages of diabetic retinopathy, but the mechanism by which this occurs is not clear. Inhibition of oxidative stress is known to inhibit the vascular lesions of early diabetic retinopathy, and we investigated whether the diabetes-induced oxidative stress in the retina emanates from photoreceptors. Superoxide generation was assessed in retinas of male C57BL/6J mice made diabetic for 2 mo (4 mo of age when killed) using histochemical (dichlorofluorescein and dihydroethidine) and bioluminescence (lucigenin) methods. Photoreceptors were eliminated in vivo by genetic (opsin
Accumulating evidence suggests that photoreceptor cells play a previously unappreciated role in the development of early stages of diabetic retinopathy, but the mechanism by which this occurs is not clear. Inhibition of oxidative stress is known to inhibit the vascular lesions of early diabetic retinopathy, and we investigated whether the diabetes-induced oxidative stress in the retina emanates from photoreceptors. Superoxide generation was assessed in retinas of male C57BL/6J mice made diabetic for 2 mo (4 mo of age when killed) using histochemical (dichlorofluorescein and dihydroethidine) and bioluminescence (lucigenin) methods. Photoreceptors were eliminated in vivo by genetic (opsin −/− ) and chemical (iodoacetic acid) techniques. Immunoblots were used to measure expression of intercellular adhesion molecule 1 and the inducible form of nitric oxide synthase. Diabetes increased the generation of superoxide by diabetic mouse retina more at night than during the day. Photoreceptors were the major source of reactive oxygen species in the retina, and their deletion (either genetically in opsin −/− mice or acutely with iodoacetic acid) inhibited the expected diabetes-induced increase in superoxide and inflammatory proteins in the remaining retina. Both mitochondria and NADPH oxidase contributed to the observed retinal superoxide generation, which could be inhibited in vivo with either methylene blue or apocynin. Photoreceptors are the major source of superoxide generated by retinas of diabetic mice. Pharmaceuticals targeting photoreceptor oxidative stress could offer a unique therapy for diabetic retinopathy.
T he pathogenesis of diabetic retinopathy remains unclear, but prior work by us and others has provided strong evidence in animal models that oxidative stress and inflammatory processes play important roles in the development of the vascular lesions characteristic of early stages of this retinopathy (1, 2) . Inhibition of oxidative stress by feeding antioxidants or overexpressing antioxidant enzymes has reduced diabetes-induced degeneration of retinal capillaries (3) (4) (5) (6) (7) . Moreover, oxidative stress has been reported to regulate expression of proinflammatory proteins (8) (9) (10) , which also have been shown to play a critical role in the pathogenesis of this early retinopathy (2) . However, which cells of the retina are the major sources of such oxidative stress in diabetes is unclear. In vitro studies of retinal endothelial cells or Müller cells incubated in elevated levels of glucose have demonstrated that these cells can contribute to oxidative stress (11, 12) , but the contribution of other cell types and their relative importance has not been studied.
Rod and cone photoreceptor cells are the most prevalent cells in the retina. These postmitotic cells have a very high metabolic rate, using more oxygen than other cells throughout the body. They are also considered as likely contributors to the eventual development of retinal hypoxia and subsequent neovascularization in advanced stages of diabetic retinopathy (13, 14) . The contribution of photoreceptors to early stages of diabetic retinopathy, however, has been less well investigated. Several recent reports have raised the possibility that photoreceptors could play an important role in the initiation of diabetic retinopathy. A survey of diabetic patients with photoreceptor degeneration and concomitant retinitis pigmentosa suggested that patients whose photoreceptors degenerated had less retinopathy than did diabetics with intact photoreceptors (13) . Moreover, diabetic mice lacking photoreceptor cells (resulting from opsin deficiency) featured a lower density of retinal vessels than those with photoreceptors (15) , suggesting that photoreceptors influence diabetes-induced degeneration of retinal capillaries.
Because oxidative stress and inflammation are strongly implicated in the development of early vascular lesions of diabetic retinopathy, we investigated the role of photoreceptors and their response to light/dark in this process. We provide evidence in mouse models that photoreceptors play a critical role in the pathogenesis of early diabetic retinopathy by inducing superoxide and inflammatory proteins.
Results
Status of Diabetic Mice. All diabetic mice were hyperglycemic and failed to gain weight at a normal rate. Serum glucose levels did not differ significantly among diabetic members of different experimental groups (356 ± 58 and 344 ± 62 mg/dL in diabetic wild-type and opsin −/− groups, respectively, compared with nondiabetic values of 135 ± 62 mg/dL). Deletion of opsin or treatment with iodoacetic acid (IAA) had no apparent effect on the glycemia of any animals.
Photoreceptors Account for Most of the Diabetes-Induced Increase in Superoxide Generation by Retina. Histochemical evidence. Cryosections of retinas from dark-adapted 2-mo-old diabetic and nondiabetic C57BL/6 mice were stained with dichlorofluorescein (DCF) and dihydroethidium (DHE) (Fig. 1) . Neither dye is highly fluorescent unless it reacts with reactive oxygen species (DCF) or
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Studies of diabetic retinopathy have focused especially on the retinal vasculature, but recent studies suggest that the neural retina also is involved. Oxidative stress and local inflammatory changes have been shown to play important roles in the pathogenesis of this retinopathy, but the source of reactive oxygen species has been less clear. We now show that most of the oxidative stress in retinas of diabetic mice emanates from neural photoreceptor cells, and elimination of these cells in diabetes inhibits both the oxidative stress and inflammatory changes shown to cause the vascular lesions of diabetic retinopathy. These studies suggest a mechanism by which neural cells can initiate the vascular injury characteristic of diabetic retinopathy. To whom correspondence should be addressed. E-mail: tsk@case.edu.
superoxide (DHE). The images demonstrate that the sites of reactive oxygen species (bright green) and superoxide (bright red) are greater than normal in retinas of diabetic animals and that these reactive species are located mainly in the photoreceptor layers (based on their costaining with nuclear stain). There was much less staining for superoxide in the retinal pigmented epithelium, inner nuclear (INL), or ganglion cell layers (GCL). DHE stains DNA in the presence of superoxide, so its localization in photoreceptors is restricted to nuclei close to the site of superoxide generation. In contrast, DCF becomes fluorescent upon direct exposure to reactive oxygen species, indicating that those reactive species are especially prevalent in the photoreceptor inner and outer segments (RIS/ROS).
Superoxide generation by retina in diabetic mice is greater in darkness.
Diabetic (D; 2-mo duration) and age-matched nondiabetic (N) mice (C57BL/6) were killed at 1:00 PM (daylight; 7 h after lights came on) and 1:00 AM (darkness; 7 h after onset of darkness), and superoxide generated in whole retinas was quantitated by reaction with lucigenin (11, 16) . Sample collection and assays for the darkness data point were carried out in darkness under a dim red light. Fig. 2 shows that diabetes significantly increased retinal superoxide generation both day and night, and that the increase in superoxide generation was greatest during the period of darkness in retinas from diabetic mice. These studies strongly support the hypothesis that photoreceptors are a major source of retinal oxidative stress in diabetes, and provide evidence that superoxide production changes with daylight versus darkness.
Degeneration of photoreceptors in opsin
−/− mice or experimental destruction of photoreceptor cells with IAA significantly inhibits diabetes-induced generation of superoxide in the retina. opsin −/− and wild-type mice were made diabetic for 2 mo (4 mo of age at autopsy). To acutely cause photoreceptor degeneration, we injected some wild-type diabetic and nondiabetic mice intraperitoneally with IAA (at 7 wk of diabetes, and 1 wk before killing the animals). At 2 mo of diabetes, essentially all photoreceptors were missing from retinas of opsin −/− mice and from retinas of mice injected with IAA 1 wk before (Figs. 3A and 4A) compared with wild-type controls. As expected, diabetes significantly increased superoxide in wild-type mice (Figs. 3B and 4B), but this increase in superoxide generation was significantly inhibited in diabetic mice lacking photoreceptors because either of the deficiency of opsin or the IAA injection. Interestingly, superoxide generation tended to be greater than normal in retinas from nondiabetic (not significant) and diabetic (P < 0.05) animals lacking photoreceptors resulting from opsin deficiency.
Cellular Sources of Retinal Superoxide in Diabetes. We studied mitochondria and NADPH oxidase for their contribution to diabetesinduced increase in retinal generation of superoxide in mice.
Mitochondria are known to contribute to superoxide generation in diabetes (11, 17) . Because most mitochondria in the retina are located in photoreceptors, we tested the possibility that enhancing delivery of electrons to complex IV of the electron Fig. 1 . Photoreceptors largely account for the diabetes-induced increase of reactive oxygen species in mouse retina. (A) DCF stain (green) demonstrates that diabetic mice generated more reactive oxygen species than did nondiabetic animals, and that most of those reactive species in the diabetic mice originate in the inner and/or outer segments of photoreceptors. (B) DHE stain (red) likewise indicates that retinas from diabetic animals generated more superoxide than did nondiabetic animals. The DHE stain localized primarily in the nuclei of photoreceptors because it stains DNA red in the presence of superoxide. The blue (nuclear) stain is DAPI. Micrographs from representative animals (n > 3 per group) are placed next to each other. GCL, retinal ganglion cell layer; ONL, outer nuclear layer; RGC, retinal ganglion cells. transport system would inhibit superoxide generation in diabetic mouse retina. Methylene blue has been reported to act as an alternate electron transporter that can suppress mitochondrialinduced oxidative stress (18) . In our hands, daily administration of methylene blue over the 2 mo of diabetes significantly inhibited the diabetes-induced generation of superoxide by the retina (Fig. 5 ). This finding is consistent with the postulate that impaired mitochondrial electron transport is an important contributor to retinal superoxide production in diabetes.
NADPH oxidase is another potential source of superoxide in photoreceptors (19) . We administered apocynin, a potent inhibitor of NADPH oxidase (20) for the 2 mo of diabetes to investigate the contribution of NADPH oxidase to retinal superoxide generation in diabetes. As with the previously mentioned mitochondrial therapy, inhibition of NADPH oxidase significantly inhibited the diabetes-induced increase in retinal generation of superoxide (Fig. 5) . Thus, both mitochondria and NAPDH oxidase apparently contribute to superoxide generation by retina in diabetes. Interestingly, both therapeutic approaches inhibited the diabetes-induced increase in retinal superoxide generation to a similar extent.
Consequences of Diabetes-Induced Oxidative Stress in Photoreceptors;
Induction of Proinflammatory Proteins. Several proinflammatory proteins, including the inducible form of nitric oxide synthase (iNOS) and intercellular adhesion molecule 1 (ICAM-1), are induced in the retina in diabetes and have been shown to play a critical role in the pathogenesis of the vascular degeneration that occurs in diabetic retinopathy (5, 21) . Thus, we investigated if the increased expression of iNOS and ICAM-1 are related to changes occurring in photoreceptors in diabetes. Retinas from wild-type mice diabetic for 2 mo showed the expected induction of iNOS and ICAM-1 in diabetes (Fig. 6 ), but these abnormalities were significantly reduced in retinas from diabetic animals whose photoreceptors had degenerated (opsin −/− mice).
Discussion
Photoreceptors have long been recognized as playing an important role in the development of retinal hypoxia in advanced stages of diabetic retinopathy when vascular perfusion of the retina is impaired. Recent reports, however, have raised the possibility that photoreceptors or outer retina could play a role in the development of even the early stages of diabetic retinopathy.
Stitt and colleagues (15) reported that diabetes-induced reduction in retinal vasculature density was less in mice lacking opsin, a model that leads to photoreceptor degeneration. Moreover, expected increases in the expression of VEGF and TNF-α in diabetes also were significantly lower in diabetic opsin −/− mice. The authors concluded that loss of the outer retina reduced the severity of diabetic retinopathy in that model. In addition, two studies involving diabetic patients produced results consistent with a role of photoreceptors in the development of diabetic retinopathy. Results of a survey sent to a small group of diabetic patients who also had retinitis pigmentosa suggested that their diabetic retinopathy was less severe, presumably because of photoreceptor degeneration (13) . In addition, Arden et al. (22) conducted a study of 40 patients to determine if sleeping with one eye weakly illuminated with light (505 nm) to reduce the rod dark current could improve diabetes-induced macular edema of the retina. The authors reported that treatment with dim light kept rods light-adapted, and speculated that inhibition of the dark current was responsible for the reduction of defects in contrast sensitivity, tritan thresholds, and retinal edema in treated versus untreated eyes (23) . We recently reported (24) that illuminating diabetic animals with far-red light for only 4 min per day also partially inhibited electrophysiologic and molecular abnormalities that have been implicated in the pathogenesis of the retinopathy. Together, these findings are consistent with a possible role for photoreceptors in the development of certain aspects of diabetic retinopathy.
How photoreceptors actually could contribute to retinal pathology in diabetes has not been clarified. Possible mechanisms include: (i) hypoxia resulting from rapid metabolism by photoreceptors; (ii) excessive generation of reactive oxidative species by photoreceptors, perhaps from hyperglycemia-induced defects in mitochondrial electron transport; (iii) altered metabolism or function of other neurons in the retina secondary to abnormalities in the photoreceptors; and/or (iv) defects caused by visual processes (phototransduction or visual cycle activity) within these specialized cells. These possibilities are not mutually exclusive.
Retinal hypoxia has long been postulated to be important, at least in advanced diabetic retinopathy. It is well known that photoreceptor cells account for much of the oxygen consumed by the retina, and that such metabolism is increased in the dark (14, 25) when the rod dark current becomes maximal (26) (27) (28) . However, the evidence is less clear about the presence of hypoxia in early stages of diabetic retinopathy. Some investigators have reported semiquantitative histochemical evidence that retinal O 2 tension was subnormal in diabetic animals (15, 29) , an observation not confirmed by others (30) (31) (32) (33) . Additional work is needed to resolve this controversy. The present studies demonstrate that photoreceptors are a major source of superoxide in the retina of diabetic animals. This generation of superoxide by photoreceptors is not a side effect of using streptozotocin to induce diabetes, because staining for superoxide also has been found in photoreceptors of spontaneously diabetic animals (34) . Because photoreceptors are the major cell type in the retina and possess more mitochondria than do other retinal cells, they are likely to be the major source of the retinal superoxide in diabetes. Elimination of photoreceptor cells (either from birth as a result of opsin deficiency or acutely secondary to IAA injection) results in significantly less of the diabetes-induced generation of superoxide than characteristically observed in retinas from wild-type diabetic mice. We recognize that IAA exerts broad toxic effects because of alkylation, but the similar effects of opsin deletion strongly suggest that photoreceptor cells are a major source of retinal superoxide in diabetes. Our histochemical studies confirm this. Moreover, retinal superoxide generation in both diabetic and nondiabetic animals is greater at night, a time when energy demands and O 2 consumption are far greater than in daylight (35) (36) (37) . We postulate that this light/dark difference in rod energy demand accounts for the exacerbation of superoxide generation at night. Whether or not diurnal rhythm contributes to this phenomenon remains to be determined.
Although superoxide generation in retinas from diabetic opsindeficient animals was significantly less than in diabetic wild-type controls, both nondiabetic and diabetic opsin −/− mice tended to generate more superoxide than did nondiabetic wild-type controls. Because essentially all photoreceptors had degenerated in these animals, the observed superoxide in opsin-deficient animals seems contrary to our hypothesis that photoreceptors are responsible for the superoxide. In contrast, IAA-induced photoreceptor degeneration did not result in an elevated superoxide level. A possible explanation is that glia and perhaps other retinal cells become activated (and generate superoxide) during retinal remodeling after photoreceptor degeneration. This activation is likely to be substantial in the progressive degeneration that has occurred since birth in opsin deficiency, whereas rapid (7 d) degeneration of photoreceptors with IAA likely did not provide adequate time for appreciable remodeling. Additional studies are needed to investigate this.
Diabetes results in mitochondrial defects in multiple tissues including the retina, and prominent among these abnormalities is the increased generation of superoxide (1, 4, 5, 11, 17, (38) (39) (40) . We previously reported that mitochondria are major contributors to diabetes-induced generation of superoxide by retina (11) . Because most of the mitochondria in the retina are present in photoreceptor cells, it seemed likely that these cells are primarily responsible for the mitochondrial contribution to superoxide generation in diabetes. Consistent with this hypothesis, we now present direct evidence that much of the superoxide generated by the retina in diabetes emanates from photoreceptor cells, and that superoxide production by the retina is essentially abolished in their absence. Because mitochondria are packed within photoreceptors to support Fig. 5 . Both NADPH oxidase and mitochondria in mouse retina contribute to diabetes-induced generation of superoxide. Apocynin (APO), an inhibitor of NADPH oxidase, was administered daily (i.p. injections at a dose of 36 mg/ kg). Methylene blue (MB), which donates electrons directly to mitochondrial cytochrome oxidase and thereby bypasses the leaky electron transport system in diabetes, was administered daily in drinking water at a dose of 5 mg/ day. Both therapies significantly inhibited the diabetes-induced generation of superoxide by the retina. Data are expressed as a percent of the value of N wild-type controls. Duration of diabetes was 2 mo at the time of this assay, and administration of both agents began 1 wk after the onset of diabetes (n = 5 mice per group, 4 mo of age when killed). visual cycle activity, we postulate that either modest inhibition of visual cycle activity that has no discernible effect on normal vision or normalization of superoxide release from mitochondria in diabetes could decrease oxidative stress and the subsequent development of retinopathy. Methylene blue potently inhibits superoxide generation by the retina in diabetes, although it has multiple other reported effects as well (41) . Another important source of superoxide generation by photoreceptor cells is NADPH oxidase (19) . Interestingly, pharmacologic inhibition of this enzyme also decreased the diabetesinduced generation of superoxide by mouse retina. In a previous ex vivo study of the retina (11), we failed to identify NADPH oxidase as a major contributor to retinal superoxide production in diabetes, but the brief 30-min exposure of retina to the NADPH oxidase inhibitor in that study could have been insufficient. In the present study, chronic administration of apocynin in vivo did significantly inhibit the diabetes-induced increase in superoxide generation. Thus, results of the present study suggest that both mitochondria and NADPH oxidase contribute to the diabetesinduced increase in retinal superoxide. That pharmacologic inhibition of either pathway inhibited the abnormal increase in retinal superoxide generation in diabetes suggests that these two mechanisms for superoxide generation are interrelated.
Elimination of photoreceptor cells also reduced the diabetesinduced induction of inflammatory proteins such as iNOS and ICAM-1. Whether these inflammatory proteins are induced in photoreceptors themselves or in other retinal cells is not yet clear, but there is evidence that iNOS is induced within photoreceptors in uveoretinitis (42) . Inhibition of NADPH oxidase with apocynin also was noted to decrease diabetes-induced increases in ICAM-1, leukostasis, and breakdown of the bloodretinal barrier in diabetic retina (43) . Superoxide generated by photoreceptors could be the mediator for induction of those inflammatory proteins (in photoreceptor or other retinal cells), but the high reactivity and thus the short migration distance of superoxide needs to be considered.
In summary, we provide evidence in mice that: (i) photoreceptor cells are the primary source of oxidative stress that develops in the retina of diabetic animals, (ii) retinal oxidative stress caused by diabetes is significantly worse in the dark, and (iii) diabetes-induced induction of the proinflammatory molecules iNOS and ICAM-1 does not occur in retina in the absence of photoreceptor cells. Thus, photoreceptor cells play an important role in the diabetes-induced increase in retinal superoxide and local inflammation in mice. Because prior studies show that therapies that inhibit oxidative stress or expression of iNOS and ICAM-1 also ameliorate the development of vascular lesions in early stages of diabetic retinopathy (1, 2), we postulate that oxidative stress in photoreceptors plays a critical role in the development of this condition, as summarized in Fig. 7 . Precisely what molecular abnormalities in diabetes lead to the activation of superoxide generation by photoreceptor cells, and the intermediate steps between photoreceptor oxidative stress (which develops over a few weeks) and vascular pathology (which develops over months to years), remain to be clarified.
Methods
Experimental Animals. opsin +/− and WT C57BL/6 mice were obtained from J. Lem (Tufts University, Boston, MA) and the Jackson Laboratory, respectively. Male mice (2 mo old) were randomly assigned to become diabetic or remain as a nondiabetic control group. Diabetes was induced by five sequential daily i.p. injections of a freshly prepared solution of streptozotocin in citrate buffer (pH 4.5) at 60 mg/kg of body weight. Hyperglycemia was verified at least three times during the second week after streptozotocin administration, and mice having three consecutive measurements of blood glucose >275 mg/dL were classified as being diabetic. Insulin was given as needed to prevent weight loss without preventing hyperglycemia and glucosuria (0-0. All animals were 4 mo of age when they were killed.
IAA-Induced Degeneration of Retinal Photoreceptors. IAA has been reported to induce acute photoreceptor degeneration (44) . After 7 wk of diabetes (and in age-matched nondiabetic controls), IAA was injected intraperitoneally (two doses of 30 mg/kg, 2 h apart). Two diabetic animals died within 24 h of this injection. Seven days later, all remaining animals were killed. Cryosections were prepared from one eye and stained to count cells in the outer nuclear layer; superoxide was measured in the other retina with lucigenin.
Molecular Causes of Superoxide Generation. Two approaches were used to assess the contributions of mitochondria and NADPH oxidase to superoxide generation in diabetic animals: administration of methylene blue or the NADPH oxidase inhibitor, apocynin. Methylene blue functions as an alternative electron carrier that accepts electrons from NADH and transfers them to cytochrome c, bypassing complex I/III blockage in mitochondria (18) . Methylene blue was administered daily at a dose of 5 mg/day in the drinking water for 2 mo. Retinal tissue then was isolated, and superoxide generation was measured with lucigenin. Other animals were injected intraperitoneally daily for 2 mo with 36 mg/ kg of apocynin, an NADPH oxidase inhibitor in DMSO as previously reported (19) . NADPH oxidase is known to exist in photoreceptor cells, where it has been linked to retinal degeneration (45) (46) (47) . Administration of both agents commenced 1 wk after the onset of diabetes to assure that drug treatment did not influence the severity of diabetes. Retinal tissue then was isolated and superoxide generation was measured with lucigenin.
Counting of Photoreceptor Cell Layers in Histological Sections. Posterior eyecups were fixed for 6-8 h in 4% (wt/vol) paraformaldehyde/PBS at 4°C. They were then incubated for 30 min each in successive 5-20% concentrations of sucrose in PBS. Tissues were then frozen in a 1:1 mix of 20% sucrose:optimal cutting temperature solution. Sections were cut at 12 μm on a cryostat at or adjacent to the optic nerve. Nuclei were stained with DAPI and the number of layers of nuclei in the outer nuclear layer were counted at five positions along the retina from the disk to the ora serrata with a fluorescent microscope (Nikon Eclipse 80i) at 358/461 nm.
Histochemical Assays for Reactive Oxygen Species and Superoxide. Cryosections (12 μm) of posterior eyecups were stained with DCF (final concentration, 10 μM) or DHE (final concentration, 0.625 μM) at 37°C in a dark chamber for 60 min or 20 min, respectively. Sections were immediately photographed using a fluorescence microscope.
Lucigenin Assay of Superoxide. Superoxide levels were measured chemically with lucigenin (bis-N-methylacridinium nitrate), as reported previously (6, 11, 16, 48, 49) . Immunoblots. Retinas were isolated, sonicated, and centrifuged, and the supernatants were used for immunoblotting. Samples (50 μg) were fractionated by SDS/PAGE, electroblotted onto nitrocellulose membranes, and membranes were blocked in Tris-buffered saline, pH 7.6, containing 0.02% Tween 20 and 5% nonfat milk. Primary antibodies for ICAM-1 and iNOS (both at a 1:200 dilution; Santa Cruz Biotechnology) were applied for 1 h followed by a secondary antibody, also for 1 h. After washing, immunoblots were visualized for enhanced chemiluminescence (Amersham). Results are normalized to actin in the same band and to appropriate nondiabetic controls.
Sample Sizes and Statistics. Data were analyzed by two-tailed ANOVA followed by the Fisher post hoc test. Differences were considered statistically significant at P < 0.05.
